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Abstract
The complete characterization of the pressure profile of high-redshift galaxy clusters, from their core to their outskirts, is a major issue
for the study of the formation of large-scale structures. It is essential to constrain a potential redshift evolution of both the slope and
scatter of the mass-observable scaling relations used in cosmology studies based on cluster statistics. In this paper, we present the first
thermal Sunyaev-Zel’dovich (tSZ) mapping of a cluster from the sample of the New IRAM Kids Arrays (NIKA2) SZ large program
that aims at constraining the redshift evolution of cluster pressure profiles and the tSZ-mass scaling relation. We observed the galaxy
cluster PSZ2 G144.83+25.11 at redshift z = 0.58 with the NIKA2 camera, a dual-band (150 and 260 GHz) instrument operated at
the Institut de Radioastronomie Millimtrique (IRAM) 30-meter telescope. We identify a thermal pressure excess in the south-west
region of PSZ2 G144.83+25.11 and a high-redshift sub-millimeter point source that affect the intracluster medium (ICM) morphology
of the cluster. The NIKA2 data are used jointly with tSZ data acquired by the Multiplexed SQUID/TES Array at Ninety Gigahertz
(MUSTANG), Bolocam, and Planck experiments in order to non-parametrically set the best constraints on the electronic pressure
distribution from the cluster core (R ∼ 0.02R500) to its outskirts (R ∼ 3R500). We investigate the impact of the over-pressure region
on the shape of the pressure profile and on the constraints on the integrated Compton parameter Y500. A hydrostatic mass analysis is
also performed by combining the tSZ-constrained pressure profile with the deprojected electronic density profile from XMM-Newton.
This allows us to conclude that the estimates of Y500 and M500 obtained from the analysis with and without masking the disturbed
ICM region differ by 65% and 79% respectively. This work highlights that NIKA2 will have a crucial impact on the characterization
of the scatter of the Y500−M500 scaling relation due to its high potential to constrain the thermodynamic and morphological properties
of the ICM when used in synergy with X-ray observations of similar angular resolution. This study also presents the typical products
that will be delivered to the community for all clusters included in the NIKA2 tSZ Large Program.
Key words. Instrumentation: high angular resolution – Galaxies: clusters: individual: PSZ2 G144.83+25.11; intracluster medium
1. Introduction
The abundance of galaxy clusters as a function of mass and
redshift is a powerful probe to study large-scale structure for-
mation processes and to constrain cosmological models (e.g.
Planck Collaboration et al. 2016a and de Haan et al. 2016).
Significant improvements on the estimation of cosmological pa-
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rameters may be obtained from the combination of constraints
based on cluster statistics and geometrical probes, due to the
fact that their parameter degeneracies are different. Taken indi-
vidually, the comparison of constraints driven by a cluster-based
analysis and other probes, such as the power spectrum of the
temperature anisotropies of the cosmic microwave background
(CMB) (Planck Collaboration et al. 2016b) or the baryon acous-
tic oscillations (Anderson et al. 2014), can also provide informa-
tion on possible deviations from the standard Λ-cold dark matter
(ΛCDM) paradigm to describe the evolution of density pertur-
bations from the recombination epoch until today (e.g. Planck
Collaboration et al. 2016a).
The main limiting factor of current cosmological studies
based on galaxy cluster surveys comes from the use of indirect
estimates of the mass of galaxy clusters to constrain the clus-
ter mass function (e.g. Tinker et al. 2008). Furthermore, while
the hierarchical model of structure formation predicts the exis-
tence of mass-observable scaling relations (Kaiser 1986), non-
gravitational processes may induce significant departures from
the theoretical expectations and a possible variation of the scal-
ing relation properties such as their slope and scatter with red-
shift (e.g. Evrard et al. 1991).
The calibration of mass-observable scaling relations is a
challenging task as 85% of the total mass of galaxy clusters is
due to the dark matter halo that escapes direct detection. Thus,
the total mass of galaxy clusters is inferred from observational
probes such as the X-ray emission (e.g. Vikhlinin et al. 2006a
and Pratt et al. 2009), which is due to the bremsstrahlung of
hot electrons within the intracluster medium (ICM), the thermal
Sunyaev-Zel’dovich effect (tSZ; Sunyaev & Zeldovich 1972),
the velocity dispersion of the galaxies of the cluster (e.g. Biviano
et al. 2006 and Sifo´n et al. 2016), or the lensing distortions of
background galaxies (e.g. Applegate et al. 2014, Umetsu et al.
2014, and Hoekstra et al. 2015). However, using such mass prox-
ies requires several hypotheses such as the hydrostatic equilib-
rium of the ICM and a specific model of the dark matter halo.
These assumptions may lead to significant bias on the total mass
estimates due to the presence of non-thermal pressure support
(e.g., gas turbulence due to merging events and feedback from
active galactic nuclei, Martizzi 2016) or projection effects (e.g.
Clowe 2004) due to unidentified substructures along the line of
sight.
The tSZ effect has been shown to be an excellent cosmo-
logical probe as it enables us to establish nearly mass-limited
samples of galaxy clusters up to very high redshift (e.g. Planck
Collaboration et al. 2016c) thanks to its redshift independence.
Furthermore, its integrated flux provides a very low-scatter mass
proxy (e.g. Planck Collaboration et al. 2011). In the past years
the Planck satellite, the South Pole Telescope (SPT), and the
Atacama Cosmology Telescope (ACT) surveys have discov-
ered and/or characterized galaxy clusters from tSZ observations
(e.g. Planck Collaboration et al. 2016c, Bleem et al. 2015, and
Hasselfield et al. 2013). While perfectly adapted to establish
large cluster samples for cosmology analyses, these instruments
have a relatively low angular resolution (full width at half max-
imum (FWHM) > 1 arcmin), which prevents them from map-
ping the ICM at intermediate and high redshift. However, the full
characterization of the ICM of galaxy clusters over a wide range
of redshifts is essential to identify and constrain all the biases
and systematics affecting the calibration of the tSZ-mass scal-
ing relation. Furthermore, joint analyses combining data sets of
equivalent quality from different probes are now required to con-
strain potential deviations from the standard assumptions used to
extract ICM information from single-probe analyses (e.g. Siegel
2016). It is therefore necessary to use high angular resolution
tSZ observations over a large field of view (FOV) in combination
with current X-ray and optical data to describe the ICM ther-
modynamic properties up to high redshift and study potential
variations of the tSZ-mass scaling relation characteristics with
redshift.
The New IRAM KIDs Array 2 (NIKA2) is a 6.5 arcmin
field of view camera designed to observe the sky at 150 and 260
GHz, with an angular resolution of 17.7 and 11.2 arcsec respec-
tively (see Adam et al. 2018). The NIKA2 camera has success-
fully been installed and commissioned at the Institut de Radio
Astronomie Millimetrique (IRAM) 30-m telescope. The NIKA2
characteristics enable us to map the ICM of high-redshift galaxy
clusters with a quality similar to the one reached by current X-
ray observatories such as XMM-Newton (e.g. Bo¨hringer et al.
2007) in terms of substructure resolution and ICM spatial exten-
sion. Furthermore, its dual band capability enables a limiting of
the systematics affecting single frequency tSZ mapping. For in-
stance, it may be used to study contamination of the tSZ signal
by, for example, dusty and radio point sources or kinetic SZ ef-
fect (see Adam et al. 2016, 2017a). As a pilot study for NIKA2,
several galaxy clusters have been successfully observed at the
IRAM 30-m telescope with the NIKA pathfinder (Monfardini
et al. 2010 and Catalano et al. 2014) to cover the various config-
urations expected for NIKA2 (see Adam et al. 2014, 2015, 2016,
2017a,b, Ruppin et al. 2017, and Romero et al. 2017.
The NIKA2 tSZ large program is a follow-up of Planck and
ACT clusters and is part of the NIKA2 Guaranteed time. It will
allow us to characterize a tSZ-selected sample of 50 clusters with
a redshift ranging from 0.5 to 0.9 (Comis et al. 2016). The tSZ
mapping of these clusters will enable us to study the redshift
evolution of the electronic pressure distribution within the ICM,
in order to calibrate the tSZ-mass scaling relation in this redshift
range. It will also allow us to investigate the impact of the ICM
dynamical state on the cluster mass estimation. The NIKA2 tSZ
large program therefore intends to provide the community with
the first tSZ-mass scaling relation calibrated at high redshift.
In this paper, we present the first observation of a galaxy
cluster of the NIKA2 tSZ large program with the NIKA2 cam-
era, namely PSZ2 G144.83+25.11. This cluster, also known as
MACS J0647+7015 (Ebeling et al. 2001), is located at a redshift
z = 0.58. We perform a non-parametric extraction of the ICM
pressure profile from a joint multi-instrument analysis based on
the tSZ observations of this cluster made by MUSTANG (Young
et al. 2015), NIKA2, Bolocam (Sayers et al. 2013 and Czakon
et al. 2013), the Arcminute Microkelvin Imager (AMI) (Perrott
et al. 2015), and Planck (Planck Collaboration et al. 2016c). This
analysis enables us to obtain the most stringent constraints on the
ICM pressure distribution from the cluster center to its outskirts.
Furthermore, the potential of NIKA2 to identify both unrelaxed
gas substructures and point source contaminants is highlighted
by the discovery of a thermal pressure excess in the south-
west region of the ICM and a high-redshift sub-millimeter point
source at 1.3 arcmin to the west of the cluster center. A key result
of this study is the characterization of the impact of the identified
over-pressure region on the estimate of the pressure profile of
PSZ2 G144.83+25.11. The synergy between high angular reso-
lution tSZ and X-ray observations is also exploited by combining
the deprojected gas density profile from XMM-Newton with the
pressure profile constrained by NIKA2 to reconstruct the ther-
modynamic properties of the ICM without making use of X-ray
spectroscopy.
This paper is organized as follows. The NIKA2 observa-
tions of PSZ2 G144.83+25.11 at the IRAM 30-meter telescope
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Figure 1. NIKA2 tSZ surface brightness maps at 150 GHz at the end of the first three iterations of the map-making. The black contours give the
significance of the measured signal starting at 3σ with 1σ spacing. The color range is the same as the one used in Fig. 2 top left panel.
Observing band 150 GHz 260 GHz
Gaussian beam model FWHM (arcsec) 17.7 11.2
Field of view (arcmin) 6.5 6.5
Number of used detectors 531 1823
Conversion factor y-Jy/beam −11.9 ± 0.9 3.7 ± 0.4
Pointing errors (arcsec) < 3 < 3
Calibration uncertainties 7% 9%
Table 1. Instrumental characteristics and performance of NIKA2 at the
IRAM 30-m telescope in April 2017. The uncertainty on the conversion
factor y-Jy/beam includes calibration error.
and the tSZ map-making are described in Sect. 2. Previous tSZ
and X-ray observations of this cluster are presented in Sect. 3.
The characterization of the point source contamination is ex-
plained in Sect. 4. The identification of the south-west over-
pressure region in the ICM is discussed in Sect. 5. In Sect. 6
a non-parametric multi-instrument analysis is performed to ex-
tract the radial pressure profile and constrain the ICM thermody-
namic properties. The perspectives for the NIKA2 tSZ large pro-
gram and future cluster cosmology studies are discussed in Sect.
7. Throughout this study we assume a flat ΛCDM cosmology
following the latest Planck results (Planck Collaboration et al.
2016b): H0 = 67.8 km s−1 Mpc−1, Ωm = 0.308, and ΩΛ = 0.692.
Within this framework, one arcsecond corresponds to a distance
of 6.66 kpc at the cluster redshift.
2. Observation at the IRAM 30-meter telescope with
NIKA2
This section is dedicated to the description of the NIKA2 obser-
vations of PSZ2 G144.83+25.11 made in April 2017 and to the
raw data analysis performed to produce the tSZ surface bright-
ness maps at 150 GHz and 260 GHz. We first recall some key
elements of the thermal SZ effect for the reader’s convenience.
2.1. The thermal Sunyaev-Zel’dovich effect
The thermal Sunyaev-Zel’dovich effect (Sunyaev & Zeldovich
1972, 1980) is a distortion of the CMB blackbody spectrum due
to the Compton scattering of CMB photons on high-energy ICM
electrons. The amplitude of the spectral distortion is given by the
Compton parameter, which is related to the line-of-sight integral
of the electronic pressure Pe for a given sky position,
y =
σT
mec2
∫
Pe dl, (1)
where me is the electron mass, σT the Thomson scattering cross
section, and c the speed of light. The relative difference in CMB
intensity is given by
∆ItS Z
I0
= y f (ν,Te), (2)
where f (ν,Te) gives the frequency dependence of the tSZ spec-
trum (Birkinshaw 1999 and Carlstrom et al. 2002), and Te is the
ICM electronic temperature. The temperature dependence of this
spectrum is due to relativistic corrections for which we use the
results of Itoh et al. (1998) and Pointecouteau et al. (1998) in the
analysis developed in Sect. 6. The integrated Compton parame-
ter Ytot is computed by the aperture photometry performed on
the cluster Compton parameter map and is expected to provide
a low-scatter mass proxy for galaxy clusters. A robust calibra-
tion of the scaling relation between Y5001 and M500 from tSZ
observations of a representative sample of galaxy clusters in a
large range of redshift is needed to constrain cosmological mod-
els from the analysis of tSZ surveys.
2.2. The NIKA2 camera
The NIKA2 camera is a new generation continuum instrument
installed at the IRAM 30-m single-dish telescope. It consists of
three monolithic arrays of kinetic inductance detectors (KIDs).
One of them is made of 616 detectors with a maximum trans-
mission at 150 GHz and two of them are arrays of 1140 de-
tectors with a maximum transmission at about 260 GHz. The
detector design is based on a Hilbert fractal geometry for the
LEKID (Lumped Element Kinetic Inductance Detector) pro-
posed by Roesch et al. (2012). The high number of frequency-
multiplexed detectors gives the NIKA2 instrument the ability to
map the sky in a field of view of 6.5 arcminutes simultaneously
at 150 and 260 GHz. The measured angular resolutions (main
beam FWHM) are respectively 17.7 and 11.2 arcsec at 150 and
260 GHz, and are close to the IRAM 30-m telescope diffraction
limits of 16.8 and 9.7 arcsec at 150 and 260 GHz respectively.
The combination of a large field of view and high-sensitivity
sensors provides the NIKA2 camera with a high mapping speed,
1 Spherically integrated Compton parameter up to a cluster radius
R500, for which the cluster density is 500 times the Universe critical
density.
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Figure 2. Top: NIKA2 surface brightness maps at 150 GHz (left) and 260 GHz (right). For display purposes, the maps are smoothed with an
additional 10 and 6 arcsec FWHM Gaussian filter at 150 and 260 GHz respectively. The NIKA2 effective beam FWHMs are represented as white
disks in the bottom left-hand corner of the maps. The considered FOV is 6.7 arcmin wide. Middle: XMM-Newton X-ray photon count map (left)
of PSZ2 G144.83+25.11 obtained after subtracting both the background and point sources and correcting for vignetting. The contours are given
for X-ray counts of 1, 2, 4, 10, 20, 30, and 35. The map has been smoothed with an additional 6 arcsec FWHM Gaussian filter and colors are
displayed using a square-root scale for display purposes. Planck map (right) of the Compton parameter of PSZ2 G144.83+25.11 in a wider FOV
of 35 arcmin (Planck Collaboration et al. 2016d). The dark blue square gives the size of the region displayed for all the other maps in the figure.
Bottom: MUSTANG map (left) of the PSZ2 G144.83+25.11 surface brightness at 90 GHz smoothed by an additional 9 arcsec FWHM Gaussian
filter for display purposes (Young et al. 2015). Bolocam map (right) of the PSZ2 G144.83+25.11 surface brightness at 140 GHz smoothed by an
additional 40 arcsec FWHM Gaussian filter (Sayers et al. 2013). For each tSZ map, the black contours give the significance of the measured signal
starting at 3σ with 1σ spacing. The FWHMs of each instrument are shown as white disks in the bottom left-hand corner of the maps.
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Figure 3. Left: NIKA2 150 GHz data reduction transfer function as a function of the angular frequency. The uncertainties are computed using
the dispersion of the transfer functions computed from different simulations. The 150 GHz beam cutoff and the size of the NIKA2 FOV are also
represented by green dashed lines. Right: Angular power spectrum of the NIKA2 residual correlated noise (blue), CMB primary anisotropies
(green), CIB (red), and unresolved CIB (orange) at 150 GHz. The NIKA2 beam and transfer function filtering has been applied to the contaminant
power spectra. The blue regions show the angular scales that are larger and smaller than the NIKA2 FOV and beam respectively.
which is a key parameter for tSZ science. For instance, a four-
hour tSZ mapping of a galaxy cluster at redshift z = 0.7 with a
total mass of 5 × 1014 M using 7 × 5 arcmin2 scans at an el-
evation of 60◦ under an opacity of 0.2 at 150 GHz would lead
to a tSZ surface brightness peak detected at 9σ for an effective
resolution of 21 arcsec. Furthermore, the signal-to-noise ratio
would be higher than three on the tSZ surface brightness profile
up to θ500. More details on the NIKA2 instrument can be found
in Adam et al. (2018), Calvo et al. (2016), and Bourrion et al.
(2016).
2.3. Observing conditions, scanning strategy, calibration,
and data reduction
The NIKA2 tSZ observations of PSZ2 G144.83+25.11 were
made in April 2017. This is the very first tSZ observation of
a galaxy cluster conducted with the NIKA2 instrument. This
section aims at describing the observation conditions, scanning
strategy, calibration method, and map making procedure.
The weather conditions at the time of the observations were
quite poor with a mean opacity of 0.30 at 150 GHz, 0.48 at
260 GHz, and a rather unstable atmosphere. The cluster field
was observed for an effective observing time of 11.3 hours at
a mean elevation of 41.4◦. The pointing center was chosen to
be (R.A.,Dec.)J2000 = (06:47:50.5, +70:14:53.0), which corre-
sponds to the position of the tSZ surface brightness peak of the
MUSTANG observations of PSZ2 G144.83+25.11(Young et al.
2015). We applied the same scanning strategy as the one pre-
sented in Adam et al. (2015) and Ruppin et al. (2017) and used
on-the-fly raster scans of 10 × 7 arcmin with 10 arcsec steps be-
tween each subscan in four different directions in equatorial co-
ordinates (J2000). We follow the calibration procedure described
in Adam et al. (2018) and get absolute calibration uncertainties
of 7% and 9% at 150 and 260 GHz respectively. The root mean
square pointing error has been measured to be lower than 3 arc-
sec. The main instrumental characteristics of the NIKA2 camera
during this science verification run are summarized in Table 1.
We follow the pre-processing method detailed in Adam et al.
(2015) to select valid detectors and remove cosmic ray glitches
and cryogenic vibrations from the raw data. The removal of both
atmospheric and electronic correlated noise has been done inde-
pendently for the two bands by using an iterative procedure. This
method is different from the one used in previous NIKA analy-
ses and aims at recovering extended signal far from the tSZ peak
without using a mask in the raw data analysis. At the end of each
iteration, the signal detected with a significance higher than 3σ
on the map is removed from the raw data before the common
mode estimation in the next iteration. The latter is computed
by using blocks of highly correlated detectors to minimize the
amount of residual spatially correlated noise in the final map. As
shown in Fig. 1 left panel, the recovered tSZ signal and cluster
extension at the end of the first iteration are rather weak because
the correlated noise template computed as the mean of the time
ordered information (TOI) of all detectors includes the cluster
signal. This induces an important spatial filtering of the signal at
the cluster location. The removal of the significant signal iden-
tified on the map before the common mode estimation at each
iteration enables the reduction of the bias induced by the cluster
signal on the correlated noise template computation.
The filtering of the signal is therefore reduced at each iter-
ation as shown in Fig. 1, middle and right panels. The proce-
dure is stopped when the signal-to-noise ratio at the tSZ surface
brightness peak does not increase significantly. The processed
time-ordered information is projected on a pixelized grid and all
the scans are then coadded with an inverse variance weighting to
get the final maps shown in the top panels of Fig. 2. This method
allows us to get a fairly uniform amount of residual correlated
noise on the final map as the correlated noise template is esti-
mated by considering all the observed field. Furthermore, this
iterative procedure allows us to avoid ringing in the final tSZ
map as the amount of cluster signal biasing the correlated noise
template in the final iteration is negligible.
Removing correlated noise from the raw data induces a fil-
tering of the tSZ signal at scales that are larger than the NIKA2
field of view (6.5 arcmin). The NIKA2 processing circular trans-
fer function at 150 GHz has been computed using simulations as
described in Adam et al. (2015). As can be seen on the left panel
of Fig. 3, it is fairly flat and close to unity at scales smaller than
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the NIKA2 FOV and vanishes rapidly for larger scales.
The residual correlated noise in the final maps has been
characterized following the procedure described in Adam et al.
(2016). Null maps are computed by the semi-difference of the
coadded maps from two equivalent subsamples of processed
scans. Homogeneous noise maps are obtained by normalizing
the null maps by the square root of the integration time spent per
pixel. These maps are then used to compute the residual noise
power spectrum of the NIKA2 150 and 260 GHz maps using the
POKER software (Ponthieu et al. 2011). We eventually fit the
noise power spectrum by a model made of a white component
and a power law to account for spatial correlations. This model
enables the simulation of residual noise map realizations that are
used to infer the root mean square (RMS) noise in each pixel of
the final maps. The noise map realizations are also used to com-
pute the noise covariance matrix at 150 GHz. The latter is used
in the ICM analysis developed in Sect. 6 to account for noise in-
homogeneity and spatial correlations in the likelihood function
estimation.
2.4. NIKA2 maps of PSZ2 G144.83+25.11
The NIKA2 surface brightness maps of PSZ2 G144.83+25.11
are shown in Fig. 2, top panels. They are both centered on the
tSZ peak coordinates measured by MUSTANG (Young et al.
2015). The maps have been smoothed with a 10 and 6 arcsec
FWHM Gaussian filter at respectively 150 and 260 GHz for
visual purposes. At the effective resolution of 21 and 13 arcsec,
the RMS noise at the center of the maps is 203 µJy/beam
and 933 µJy/beam at 150 and 260 GHz respectively. It has
been computed by simulating noise maps from the residual
noise power spectrum in the 150 and 260 GHz maps, and
from astrophysical contaminant models (Planck Collaboration
et al. 2014b, Be´thermin et al. 2012, and Tucci et al. 2011).
Both the contributions induced by the CIB and CMB temper-
ature anisotropies in the residual noise are taken into account
following the procedure developed for the NIKA camera and
described in Adam et al. (2017a). We find that the RMS noise
caused by these astrophysical contaminants is 77 µJy/beam at
150 GHz and 280 µJy/beam at 260 GHz at our effective angular
resolution of 21 and 13 arcsec respectively. This corresponds
to an increase of the RMS noise otherwise caused by both the
instrumental and atmospheric noise contributions of 7.9% and
4.8% at 150 and 260 GHz respectively.
Given that the NIKA2 FOV is about four times larger than the
NIKA one, we also investigated the variations of the amplitude
of the astrophysical contaminants as a function of the angular
scale and compared them to the angular power spectrum of the
NIKA2 residual noise at 150 GHz (see Sect. 2.3). The right
panel of Fig. 3 shows the angular power spectrum of the NIKA2
residual correlated noise (blue), CMB primary anisotropies
(green), CIB (red), and unresolved CIB (orange). The angular
power spectrum of the CMB primary anisotropy has been
computed using the Cosmic Linear Anisotropy Solving System
software (Lesgourgues 2011) up to a multipole of 104 using
the Planck cosmology (Planck Collaboration et al. 2016b). The
CIB power spectrum measured by Planck Collaboration et al.
(2014b) at 143 and 217 GHz takes into account the one halo (1h)
and two halo (2h) terms of the clustering of dusty star-forming
galaxies and has been extrapolated to the NIKA2 frequencies.
The unresolved CIB power spectrum is modeled as a shot noise
component using the models from Be´thermin et al. (2012)
and Tucci et al. (2011) for the dusty star-forming galaxies
and the radio sources respectively. The three power spectra
are convolved with the NIKA2 beam and transfer function
at 150 GHz. Most of the astrophysical background at small
scales comes from the shot noise induced by the unresolved
CIB. The CMB primary anisotropies are largely dominant
over the CIB background for angular scales that are larger
than the NIKA2 FOV. However, all the astrophysical contami-
nants are far smaller than the NIKA2 residual correlated noise
for all the scales that can be recovered by the NIKA2 instrument.
The NIKA2 map at 150 GHz is shown in the top left panel
of Fig. 2. There is a clear negative tSZ signal that reaches a peak
signal-to-noise ratio of 13.5σ less than 3 arcsec away from the
map center. Significant tSZ signal is recovered up to an angular
distance from the center of ∼1.4 arcmin. This is comparable to
the ICM extension mapped in X-ray by the XMM-Newton ob-
servatory as shown in the middle left panel of Fig. 2. The diffuse
tSZ signal exhibits an elliptical morphology with an E-W ori-
entation, and some evidence for an extension towards the S-W.
The RMS noise is relatively constant across the field, which is
slightly larger than the NIKA2 instantaneous FOV. As shown
in Sect. 6, the tSZ surface brightness profile extracted from this
map is detected at signal-to-noise greater than three out to be-
yond R500.
The 260 GHz map (top right panel in Fig. 2) does not show
any significant tSZ signal, as expected given the level of resid-
ual noise. Indeed, knowing the tSZ surface brightness peak at
150 GHz, the tSZ spectrum analytic expression, the NIKA2
bandpasses, and the mean opacities for each NIKA2 channel,
we can estimate the expected tSZ surface brightness peak at
260 GHz. The computed value of ∼1.4 mJy/beam is of the or-
der of the RMS noise at 260 GHz. A point source is detected at
260 GHz with a significance of 4σ at 1.3 arcmin to the west of
the cluster center. The source signal compensates the negative
tSZ signal at the same position in the NIKA2 map at 150 GHz.
As shown in Adam et al. (2016), removing such a contaminant
is essential to obtain unbiased ICM thermodynamic profiles. The
removal of submillimeter point sources in the NIKA2 field is ex-
plained in Sect. 4.
3. PSZ2 G144.83+25.11 ancillary data
The galaxy cluster PSZ2 G144.83+25.11 is one of the 124 spec-
troscopically confirmed clusters of the MAssive Cluster Survey
(MACS, Ebeling et al. 2001). It has been widely observed at
different wavelengths. This section aims at describing the pre-
vious tSZ and X-ray observations of this cluster and highlights
the complementarity between the existing tSZ data sets and the
NIKA2 data.
3.1. Previous tSZ observations of PSZ2 G144.83+25.11
MUSTANG:
The Multiplexed Squid/TES Array at Ninety Gigahertz
(MUSTANG, Dicker et al. 2008) instrument operat-
ing on the 100-meter Green Bank Telescope observed
PSZ2 G144.83+25.11 during 16.4 hours between February
2011 and January 2013. Details on the MUSTANG observations
and data reduction can be found in Mason et al. (2010) and
Korngut et al. (2011). As shown in Fig. 2 bottom left panel,
the cluster tSZ signal at 90 GHz has been mapped with a
peak signal-to-noise ratio of 8.1 at an angular resolution of
9 arcsec. The removal of atmospheric noise induces the filtering
of the astronomical signals on angular scales larger than the
instantaneous FOV of 42 arcsec. The high angular resolution
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Source 250 µm source position 100 µm 160 µm 250 µm 350 µm 500 µm 1.15 mm 2.05 mm
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy] expected [mJy]
SMG1 6:47:15.62, +70:14:00.60 3.8 ± 0.4 5.3 ± 0.8 30.6 ± 1.1 20.6 ± 1.1 4.6 ± 1.4 2.0 ± 0.6 0.34 ± 0.14
SMG2 6:47:18.36, +70:13:42.60 5.8 ± 0.9 7.8 ± 1.6 28.2 ± 0.9 24.6 ± 1.1 15.9 ± 1.4 0.47 ± 0.1 0.21 ± 0.12
SMG3 6:47:18.79, +70:17:01.32 4.5 ± 0.9 27.1 ± 1.0 60.4 ± 0.9 50.1 ± 0.9 35.9 ± 1.0 0.25 ± 0.08 0.32 ± 0.18
SMG4 6:47:19.80, +70:14:38.76 9.0 ± 0.6 20.5 ± 0.6 31.5 ± 1.1 18.7 ± 1.4 11.2 ± 1.7 1.3 ± 0.6 0.42 ± 0.16
SMG5 6:47:34.85, +70:15:42.84 3.2 ± 0.3 9.5 ± 0.5 20.7 ± 1.0 16.4 ± 1.1 6.3 ± 1.4 0.9 ± 0.5 0.29 ± 0.13
SMG6 6:47:34.85, +70:11:41.28 15.2 ± 0.8 31.5 ± 1.4 88.0 ± 1.1 68.3 ± 1.5 42.2 ± 1.5 3.0 ± 0.7 1.12 ± 0.21
SMG7 6:47:36.60, +70:16:32.52 3.7 ± 0.4 15.1 ± 0.6 34.3 ± 1.0 30.6 ± 1.1 11.6 ± 1.4 0.4 ± 0.2 0.21 ± 0.09
SMG8 6:47:38.47, +70:13:23.52 2.7 ± 0.5 7.4 ± 0.8 13.4 ± 1.0 4.4 ± 0.9 0.4 ± 0.6 0.1 ± 0.1 0.03 ± 0.02
SMG9 6:47:41.26, +70:16:13.08 12.9 ± 0.3 21.9 ± 0.5 44.0 ± 1.1 24.3 ± 1.0 11.3 ± 1.6 0.2 ± 0.1 0.13 ± 0.08
SMG10 6:47:48.50, +70:13:48.00 0.6 ± 0.1 2.4 ± 0.3 18.6 ± 1.1 17.5 ± 1.0 17.2 ± 1.4 0.2 ± 0.2 0.30 ± 0.16
SMG11 6:47:50.04, +70:15:30.60 10.0 ± 0.3 17.8 ± 0.6 27.3 ± 1.0 8.9 ± 1.1 2.6 ± 0.9 0.1 ± 0.3 0.08 ± 0.09
SMG12 6:47:53.90, +70:14:31.20 7.2 ± 0.4 14.7 ± 0.9 22.0 ± 1.0 12.8 ± 1.0 6.6 ± 1.3 0.1 ± 0.1 0.07 ± 0.05
SMG13 6:47:56.38, +70:17:21.48 7.9 ± 0.4 15.9 ± 1.6 26.1 ± 1.3 15.9 ± 1.0 2.2 ± 1.0 1.2 ± 0.6 0.15 ± 0.12
SMG14 6:48:04.37, +70:17:00.60 31.5 ± 0.5 57.9 ± 0.9 79.3 ± 1.1 54.8 ± 1.1 37.6 ± 1.4 0.8 ± 0.5 0.72 ± 0.21
SMG15 6:48:08.64, +70:14:25.08 9.7 ± 0.5 19.3 ± 1.0 36.6 ± 1.0 20.4 ± 1.0 4.1 ± 0.9 0.1 ± 0.3 0.13 ± 0.15
SMG16 6:48:14.59, +70:14:38.40 0.5 ± 0.1 8.1 ± 0.6 31.0 ± 1.0 31.6 ± 1.0 19.5 ± 1.2 0.7 ± 0.1 0.34 ± 0.18
SMG17 6:48:15.43, +70:17:24.72 0.1 ± 0.1 5.6 ± 0.9 23.0 ± 1.1 31.2 ± 1.1 21.4 ± 1.5 3.4 ± 0.7 0.88 ± 0.14
SMG18 6:48:21.55, +70:16:06.24 0.1 ± 0.2 9.6 ± 1.1 27.9 ± 1.1 21.7 ± 1.1 0.6 ± 1.1 0.1 ± 0.1 0.12 ± 0.17
SMG19 6:48:21.89, +70:16:34.68 0.1 ± 0.1 18.3 ± 1.2 34.3 ± 1.0 27.8 ± 1.0 13.9 ± 1.4 0.2 ± 0.1 0.04 ± 0.12
SMG20 6:48:23.54, +70:15:51.12 6.7 ± 0.8 8.1 ± 1.4 32.2 ± 1.0 27.2 ± 1.3 17.1 ± 1.4 0.4 ± 0.2 0.19 ± 0.08
SMG21 6:48:11.43, +70:16:09.69 31.7 ± 0.4 34.0 ± 0.8 28.7 ± 1.0 9.6 ± 1.0 2.5 ± 0.8 0.1 ± 0.1 0.07 ± 0.06
SMG22 6:48:16.47, +70:15:47.23 9.3 ± 0.5 15.7 ± 0.8 23.0 ± 1.1 11.6 ± 1.2 3.0 ± 1.0 0.1 ± 0.1 0.05 ± 0.06
SMG23 6:48:00.86, +70:15:29.63 6.4 ± 0.3 8.3 ± 0.6 1.7 ± 1.0 0.3 ± 0.4 0.1 ± 0.4 1.2 ± 0.8 0.04 ± 0.03
SMG24 6:47:45.02, +70:15:47.73 19.4 ± 0.3 19.6 ± 0.5 14.3 ± 1.1 6.9 ± 1.0 2.1 ± 0.8 0.1 ± 0.2 0.03 ± 0.04
SMG25 6:48:02.47, +70:13:37.52 7.6 ± 0.4 13.4 ± 0.6 7.8 ± 0.9 3.6 ± 0.9 6.3 ± 1.4 0.3 ± 0.3 0.07 ± 0.05
SMG26 6:47:43.71, +70:14:05.07 4.4 ± 0.3 8.3 ± 0.6 11.9 ± 1.0 1.9 ± 1.2 0.7 ± 0.3 0.1 ± 0.1 0.03 ± 0.02
SMG27 6:47:21.06, +70:14:23.02 7.3 ± 0.4 16.2 ± 1.2 20.6 ± 1.2 9.5 ± 1.2 1.0 ± 1.5 0.1 ± 0.1 0.05 ± 0.06
SMG28 6:47:35.04, +70:15:03.96 2.1 ± 0.4 1.5 ± 0.3 6.6 ± 0.9 14.1 ± 1.0 12.5 ± 1.1 3.2 ± 0.6 0.87 ± 0.20
Table 2. Positions and fluxes of the 28 submillimeter sources identified in the 6.7 × 6.7 arcmin2 field around PSZ2 G144.83+25.11, measured
by fitting Gaussian models to the Herschel maps at each wavelength as described in Sect. 4. The 260 GHz NIKA2 map is also used to constrain
each source SED at low frequency. The expected fluxes at 150 GHz are computed by integrating the estimated SED in the corresponding NIKA2
bandpass.
of MUSTANG enables the constraining of angular scales that
are two times smaller than the ones constrained by NIKA2.
The MUSTANG data brings therefore complementary infor-
mation to that of NIKA2 to constrain the core dynamics of
PSZ2 G144.83+25.11.
Bolocam:
Bolocam has been used to obtain a high significance tSZ map
of PSZ2 G144.83+25.11 at 140 GHz (Sayers et al. 2013 and
Czakon et al. 2013). The Bolocam instrument is a 144-pixel
bolometer array at the Caltech Submillimeter Observatory (see
Haig et al. 2004, for more details on the Bolocam instrument).
Its angular resolution of 58 arcsec at 140 GHz does not enable
the mapping of the inner structures of the cluster. However,
thanks to its instantaneous FOV of 8 arcmin diameter, Bolocam
provides valuable information on the pressure distribution in
the cluster outskirts. The tSZ signal is significant up to an
angular distance of ∼1.7 arcmin from the center as shown in
Fig. 2, bottom right panel. Used in combination with the NIKA2
observations, the Bolocam data can therefore help constrain the
cluster external region of the pressure profile where the NIKA2
signal starts to be significantly filtered (see, e.g. Romero et al.
2017). Both MUSTANG and Bolocam data have been used by
Young et al. (2015) to constrain the pressure distribution of
PSZ2 G144.83+25.11 by using a spherical parametric model
(see Sect. 6).
Planck:
The galaxy cluster PSZ2 G144.83+25.11 has been
identified by Planck with a signal-to-noise ratio of
5.28. Its integrated Compton parameter estimated at
5R500 is given in the early Planck tSZ catalog by
Y5R500 = (1.38 ± 0.29) × 10−3 arcmin2 and in the second
catalog release by Y5R500 = (1.34 ± 0.29) × 10−3 arcmin2. The
Planck y-map of PSZ2 G144.83+25.11 is shown in the middle
right panel of Fig. 2. It has been extracted from the Planck
full sky y-map (Planck Collaboration et al. 2016d) using a
Gnomonic projection. We compute the cylindrical integrated
Compton parameter by aperture photometry on this map and
find a value of Y5R500 = (1.00 ± 0.44) × 10−3 arcmin2, which is
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Figure 4. Herschel multiwavelength data set of PSZ2 G144.83+25.11 in the sky region considered for NIKA2. The corresponding instrument is
indicated at the top of each map (Poglitsch et al. 2010 and Griffin et al. 2010). The maps are smoothed and the color range has been optimized for
visualization purposes. The submillimeter point source locations are indicated by 10 arcsec radius white circles (Table 2).
compatible with the Planck catalog value but slightly lower due
to negative correlated noise at the cluster location. The Planck
map of PSZ2 G144.83+25.11 will help constrain the outer slope
of the pressure profile in the ICM characterization presented
in Sect. 6 by providing information on the total integrated
Compton parameter.
AMI:
The Arcminute Microkelvin Imager (AMI) also provides an in-
dependent measurement of the integrated Compton parameter
of PSZ2 G144.83+25.11 (Perrott et al. 2015) and partially al-
leviates the degeneracy between the cluster characteristic size
(θs) and flux (Y5R500). The combined Planck/AMI constraint
on the integrated Compton parameter is given by Y5R500 =
(1.72 ± 0.47) × 10−3 arcmin2, which is compatible with all the
previously quoted estimates. This constraint is used to give a first
estimation of the radial pressure profile of PSZ2 G144.83+25.11
(see Sect. 6).
3.2. XMM-Newton observations
The galaxy cluster PSZ2 G144.83+25.11 has been observed by
both XMM-Newton and Chandra. Here we focus on the former
observations, which yield enough counts for a spatially-resolved
spectroscopic analysis. Data were retrieved from the XMM-
Newton archive and the standard procedures (see, e.g. Bartalucci
et al. 2017) have been followed for the production of cleaned,
calibrated event files, vignetting correction, point source detec-
tion and exclusion, and background subtraction. The total expo-
sure time after cleaning for flares is ∼68 ks. The XMM-Newton
X-ray surface brightness map of PSZ2 G144.83+25.11 is shown
in the middle left panel of Fig. 2. The overall ICM morphology
is comparable to the one mapped by NIKA2 at 150 GHz (see
Sect. 2.4). However, no significant ICM extension is identified
in the S-W region of the cluster. The implication of such an ob-
servation is discussed in Sect. 5.
4. Point source contamination
The tSZ signal of the cluster can be affected by foreground,
background, and cluster contaminants. Such contaminants have
to be characterized and carefully removed for each cluster of the
NIKA2 tSZ large program as they can bias the pressure profile
estimation and therefore the calibration of the Y500 −M500 scal-
ing relation (see, e.g. Adam et al. 2016). The cosmological back-
grounds have already been shown to be negligible with respect
to the cluster signal in Sect. 2.4. In this section, we consider the
impact of point source contamination by constraining the flux at
150 GHz for all the sources found in the considered field shown
in Fig. 2.
4.1. Radio sources
High resolution radio observations have not been performed for
PSZ2 G144.83+25.11. The map of the cluster field obtained by
the Giant Metrewave Radio Telescope (GMRT) at 150 MHz for
the Tata Institute of Fundamental Research (TIFR) GMRT Sky
Survey (TGSS, Intema et al. 2017) does not show evidence of
any radio source. The Very Large Array of the National Radio
Astronomy Observatory (NRAO VLA) Sky Survey (NVSS,
Condon et al. 1998) at 1.4 GHz enabled the identification of
one radio source in the 6.7 × 6.7 arcmin2 field that we take
into account. It is located to the east of PSZ2 G144.83+25.11
at (R.A.,Dec.)J2000 = (06:48:15.9, +70:15:7.2). The flux of
this source given in the NVSS catalog is (3.09 ± 0.51) mJy
at 1.4 GHz. No significant signal is seen either at 150 or
260 GHz with NIKA2 at this position. If we model the ra-
dio source spectral energy distributions (SED) by a power law,
Fν = F1 GHz
(
ν
1 GHz
)αradio
and assume a mean spectral index of
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Figure 5. Left: Map of the expected flux at 150 GHz for each submillimeter source identified in the Herschel and NIKA2 channels. Each point
source is modeled by a 2D Gaussian function of 17.7 arcsec FWHM and with an amplitude given by the last column of Table 2. Right: SED of
the submillimeter source SMG28 (see Table 2) identified in the NIKA2 map at 260 GHz. The fluxes measured in the Herschel maps are color
corrected using both PACS (Poglitsch et al. 2010) and SPIRE calibration files. The best-fit SED model (black solid line) is integrated in the NIKA2
bandpass at 150 GHz (red solid line) to estimate the expected flux at this frequency. The 1 and 2 sigma uncertainties on the best-fit SED are shown
as dark and light blue-green shaded areas.
-0.7 (Witzel 1979 and Planck Collaboration et al. 2013), the ex-
pected fluxes at 150 and 260 GHz are (0.09 ± 0.02) mJy and
(0.06 ± 0.01) mJy respectively. As these fluxes are well below
the RMS noise for both NIKA2 frequencies, the radio source
contamination is therefore considered negligible in the follow-
ing.
4.2. Submillimeter sources
We considered the Herschel Photoconductor Array Camera
and Spectrometer (PACS) (Poglitsch et al. 2010), Spectral and
Photometric Imaging Receiver (SPIRE) (Griffin et al. 2010), and
NIKA2 260 GHz data to identify submillimeter point sources in
the observed field and compute their expected fluxes at 150 GHz.
We found 27 point sources in the region observed by NIKA2 in
the SPIRE 250 µm catalog. The source identified in the NIKA2
260 GHz channel (see Sect. 2.4) is not listed in the SPIRE cat-
alog. Therefore we added this source to the sample and consid-
ered the surface brightness peak location as a first estimate of the
source position.
The procedure used to fit the flux of each source in the
Herschel and NIKA2 channels is based on the one described in
Adam et al. (2016). We perform a Markov chain Monte Carlo
(MCMC) analysis to jointly fit the flux of the 28 sources at each
frequency independently. We consider the five Herschel bands
as well as the NIKA2 260 GHz channel to constrain the fluxes.
The NIKA2 map at 150 GHz is not used as most of the source
fluxes are contaminated by negative tSZ signal. The uncertainty
on the position of each source is taken into account by using
Gaussian priors with both mean and standard deviation given by
the positions and uncertainties of the SPIRE 250 µm catalog. A
local background is also fitted. At each step of the MCMC, a
surface brightness map is computed by adding the local back-
ground and Gaussian functions at the source positions with a
fixed FWHM given by the Herschel resolution in the considered
channel (35.2, 23.9, 17.6, 9.9, and 6.1 arcsec at 500, 350, 250,
160, and 100 µm respectively). This procedure enables us to take
into account the correlations between the fluxes of close unre-
solved sources in the error bar estimation for each source flux
especially in the low frequency channels of Herschel. The am-
plitude of each Gaussian in the best-fit surface brightness maps
corresponds to the measured fluxes that are reported for the 28
sources in Table 2. The error bars are computed using the stan-
dard deviation of the Markov chains after their convergence.
We use a modified blackbody spectrum
Fν = A0
(
ν
ν0
)βdust
Bν(Tdust) (3)
to model the SED of the identified submillimeter point sources
from their estimated fluxes. A second MCMC analysis is per-
formed to estimate the normalization A0, dust spectral index βdust
, and dust temperature Tdust for each source. The reference fre-
quency ν0 is fixed to 500 GHz. At each step of the MCMC, the
measured fluxes are color corrected using both PACS (Poglitsch
et al. 2010) and SPIRE2 calibration files. The best-fit SEDs are
then integrated within the NIKA2 bandpass at 150 GHz to es-
timate the expected flux of each source at this frequency. The
corresponding fluxes are reported in the last column of Table 2.
The surface brightness map of the point source contamination at
150 GHz is shown in Fig. 5, left panel. This map is subtracted
from the NIKA2 map at 150 GHz to minimize the bias induced
by the submillimeter point source contaminant on the measure-
ment of the tSZ signal of PSZ2 G144.83+25.11.
The best-fit SED of the submillimeter point source identi-
fied in the NIKA2 map at 260 GHz (SMG28 in Table 2) is
shown in Fig. 5, right panel. The dust temperature is found to be
T fit28 = (8.1± 0.6) K and the spectral index is βfit28 = 1.35± 0.23 at
the maximum likelihood. Assuming a typical SED with the same
spectral index and a physical dust temperature T dust28 = (35±5) K
(see, e.g. Planck Collaboration et al. 2016e), the redshift z of this
source is given by
1 + z =
T dust28
T fit28
. (4)
2 http://herschel.esac.esa.int/Docs/SPIRE/html/spire om.html.
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Figure 6. Left: NIKA2 tSZ surface brightness map at 150 GHz after the subtraction of the submillimeter point source contaminant. The best
circular sector, which encloses the over-pressure region within PSZ2 G144.83+25.11 , is darkened and delimited by the white lines. Right: tSZ
surface brightness profiles computed inside (green) and outside (blue) the dark sector shown in the left panel. The inner and outer radii of the mask
are defined by the region where the two profiles are significantly different. The reference profile computed in the north-east quarter of the NIKA2
150 GHz map is shown in black and the median profile computed on the whole map is represented in red.
Therefore, the redshift of the point source identified in the
NIKA2 260 GHz map is found to be z = 3.32 ± 0.72. We em-
phasize that this estimate does not take into account the degen-
eracy between the source redshift and its physical temperature.
Disentangling these two parameters requires taking into account
other source properties, such as the neutral hydrogen column
density, which have not been measured yet. Nevertheless, this
result highlights the potential of the NIKA2 camera to constrain
the SED of high-redshift dusty galaxies by providing additional
constraints to existing data sets obtained at higher frequencies.
5. Over-pressure region in PSZ2 G144.83+25.11
Over-pressure regions caused by merger events, substructure ac-
cretion, or turbulence are expected to occur more frequently at
high redshift in the standard scenario of the formation of the
large-scale structures (see, e.g. Poole et al. 2007). Although
McDonald et al. (2017) do not find more morphologically dis-
turbed clusters at high redshift from X-ray observations, the tSZ
properties of high-redshift clusters could still be significantly
different. For example, thermal pressure excesses caused by
clumps of low density and high temperature would be challeng-
ing to identify from X-ray observations at high redshift whereas
tSZ observations could identify such over-pressure regions. Such
an increase in thermal pressure is challenging to link to a mod-
ification of the main halo mass because it is due to local per-
turbations of the gas thermodynamic properties and the related
thermal energy is not redistributed evenly within the cluster. It
is therefore essential to identify and mask over-pressure regions
in galaxy clusters to study their impact on the characterization
of the thermal pressure distribution that can be related to the un-
derlying gravitational potential of the main halo. This section
describes the analysis that has been done to identify an over-
pressure region within the ICM of PSZ2 G144.83+25.11 tak-
ing advantage of the high angular resolution and sensitivity of
NIKA2.
First, from a visual inspection of the maps shown in Figs. 2
and 1 we identify a deviation from the tSZ signal circular sym-
metry in the south-west region of PSZ2 G144.83+25.11. The
fact that the XMM-Newton X-ray surface brightness map of
PSZ2 G144.83+25.11 (see middle left panel in Fig. 2) does not
show any significant overdensity substructure in this cluster re-
gion could be a hint that this thermal pressure excess is caused
by a low density infalling sub clump with a high temperature.
Another plausible explanation would be that this tSZ surface
brightness excess is caused by a low density and very extended
structure along the line of sight. A precise measurement of the
gas temperature in this cluster region will help to discriminate
between these two descriptions.
We consider the north-east quarter of the NIKA2 150 GHz
map as a reference region where the tSZ signal is assumed to
trace the thermal pressure distribution of the main halo without
a merging event. The location and size of the over-pressure re-
gion are characterized by computing the tSZ surface brightness
profiles inside (yin) and outside (yout) circular sectors defined by
a central position and a central angle. Each profile is compared
to the one computed within the reference region (yref) for dif-
ferent values of the central position and central angle. The best
sector parameters are defined as the ones that maximize the ratio
R =
∫ |yref − yin| dθ∫ |yref − yout| dθ . (5)
This ensures the maximization of the difference between the
tSZ profile computed within the masked sector (dark region in
Fig. 6 left panel) and the reference profile, while minimizing the
difference between the tSZ profile computed outside the mask
(bright region in Fig. 6 left panel) and the reference profile for
all angular distances.
We find that the smallest sector that encloses the whole over-
pressure region is centered at a position of −30◦ with respect to
the R.A axis and has an aperture angle of 120◦ (dark region in
Fig. 6 left panel). The tSZ surface brightness profiles computed
inside and outside this sector are shown in Fig. 6 right panel.
The difference between the profiles is significant for angular dis-
tances between 30 arcsec and 130 arcsec. The profile computed
outside the mask is consistent with the reference profile in black.
We also investigate the possibility of considering the median
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Figure 7. Left: Non-parametric pressure profile (blue points) constrained from the combination of the NIKA2 tSZ surface brightness map
with the over-pressure region masked and the Planck Compton parameter map only. The deprojected profile has been fitted using a generalized
Navarro-Frenk-White (gNFW, Nagai et al. 2007) model (black line), which is compared to the universal pressure profile obtained by Arnaud
et al. (2010) (orange line). Right: Non-parametric pressure profile (blue) deprojected from the MUSTANG and NIKA2 tSZ surface brightness
map with the over-pressure region masked and the Planck Compton parameter map. A gNFW pressure profile model has been fitted on the
MUSTANG+NIKA2+Planck deprojected pressure points (black solid line). We also show the XMM-Newton estimated pressure profile (red)
based on the deprojected density profile and the temperature estimation from X-ray spectroscopic observations. The MUSTANG/NIKA2/Planck
and XMM-Newton estimates are compatible within error bars.
tSZ profile in red computed over the whole map to minimize the
impact of the disturbed region. As expected, the latter is much
more consistent with the reference profile than the mean profile
computed within the mask. However, as the over-pressure
region represents a third of the cluster tSZ signal constrained by
NIKA2 and the variation of the signal is continuous between the
masked and the unmasked regions, the median value computed
in each bin is slightly biased by the over-pressure. The median
profile computed over the whole map is therefore lower than
the mean profile computed outside the masked sector. We note,
however, that in the presence of small spatial scale fluctua-
tions of the ICM, computing the median profile represents a
good alternative to the definition of a masked sector that can
be challenging to undertake for a large sample of galaxy clusters.
Considering the whole NIKA2 map at 150 GHz for the ICM
analysis under the hydrostatic equilibrium hypothesis would not
enable the characterization of the impact of the south-west dis-
turbed region on the estimation of the whole ICM pressure distri-
bution. Therefore, a mask of the over-pressure region is defined
in the following by using the best sector parameters, an inner ra-
dius of 30 arcsec and an outer radius of 130 arcsec.
The ICM analysis described in Sect. 6 considers both the
whole NIKA2 map at 150 GHz and the map with a mask
on the over-pressure region. This enables us to constrain the
impact of the thermal pressure excess in the south-west of
PSZ2 G144.83+25.11 on the pressure profile characterization.
6. ICM characterization from a multi-instrument
MCMC analysis
This section is dedicated to the characterization of the ICM ther-
modynamic properties of PSZ2 G144.83+25.11. We first depro-
jected the tSZ signal mapped by NIKA2 and Planck to show the
typical constraints that will be obtained on the pressure profile
characterization for each cluster of the NIKA2 SZ large pro-
gram. We then combined the MUSTANG, NIKA2, Bolocam,
and Planck data in a multi-instrument analysis in order to get
the best constraints on the cluster pressure profile from its core
to its outskirts.
6.1. Pressure profile reconstruction
6.1.1. Method
We use a dedicated tSZ pipeline to constrain the pressure profile
of PSZ2 G144.83+25.11 from a multi-instrument analysis com-
bining the tSZ data-sets presented in Sect. 3. The methodology
used in the pipeline is based on a forward fitting Bayesian
framework to account for the instrumental beam and analysis
transfer function convolution of the true tSZ signal of the cluster.
The details of the deprojection procedure can be found in Adam
et al. (2015, 2016) and are briefly recalled in this section. To
present the method, we consider the joint analysis combining
the largest data set (MUSTANG, NIKA2, Bolocam, and Planck
data).
The pressure distribution within the ICM of
PSZ2 G144.83+25.11 is modeled by a non-parametric pressure
profile (see Ruppin et al. 2017) defined by constrained pressure
values P(ri) at given distances from the cluster center, ri, and by
a power law interpolation for r ∈ [ri, ri+1]:
P(r) = P(ri) × 10αi with αi =
log10
(
P(ri+1)
P(ri)
)
× log10
(
r
ri
)
log10
(
ri+1
ri
) . (6)
Following the work of Romero et al. (2017), the radial positions
where the pressure is constrained are based on the instrumental
performance in terms of angular resolution and FOV of the con-
sidered experiments. The separation between each radial bin is
set to the physical distance corresponding to the beam FWHM of
the MUSTANG, NIKA2, and Bolocam instruments for the inner,
intermediate, and outer part of the profile respectively. We also
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Figure 8. From top to bottom: NIKA2, MUSTANG, Bolocam, and Planck tSZ data (left), maximum likelihood tSZ map (middle), and resid-
ual (right) computed from a MCMC analysis based on a non-parametric model and masking the over-pressure region in the south-west of
PSZ2 G144.83+25.11. The Bolocam row is shown as a cross-check even if this data is not used for this analysis. The significance contours
start at 3σ with 1σ increments. A 4σ tSZ signal is identified in the NIKA2 residual map within the region that is masked for this analysis.
set one pressure radial bin outside each experiment FOV and the
outermost bins are set to 4 and 5R500 to constrain the total inte-
grated Compton parameter.
A MCMC analysis is performed to estimate the best-fit pres-
sure profile of PSZ2 G144.83+25.11 using the considered data
sets. The sampling of the pressure within each bin is made by
using the python package emcee (Foreman-Mackey et al. 2013).
At each iteration of the MCMC algorithm, a pressure profile
is generated using Eq. 6 and integrated along the line of sight
to get a model of the Compton parameter profile of the cluster
(see Eq. 1). The Compton parameter profile is then convolved
with the respective beam profile of each instrument to account
for the beam smoothing of the signal following the methodol-
ogy presented in Birkinshaw (1994). We use the parameters of
the double-Gaussian beam defined in Romero et al. (2015) to
smooth the Compton parameter profile to the MUSTANG an-
gular resolution. The NIKA2, Bolocam, and Planck Compton
parameter profiles are obtained by convolving the initial profile
with a 17.7 arcsec, 58 arcsec, and 7 arcmin FWHM Gaussian
beam respectively. Each convolved profile is then projected on
a pixelized grid identical to the one used for the projection of
the data measured by each instrument. We apply the transfer
function of MUSTANG, NIKA2, and Bolocam to the computed
Compton parameter maps to account for the processing filtering
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specific to each experiment. We assume the filtering of the tSZ
signal to be negligible for the Planck data. The filtered Compton
parameter maps are converted into tSZ surface brightness maps
for MUSTANG and Bolocam by using the conversion coeffi-
cients provided along with the MUSTANG and Bolocam data.
These coefficients take into account the relativistic corrections
by assuming a mean ICM temperature of 11 keV (see Sect. 6.3).
The coefficient that converts the NIKA2 Compton parameter
map into a tSZ surface brightness map is computed at each itera-
tion of the MCMC sampling. It is obtained by integrating the tSZ
spectrum within the 150 GHz NIKA2 bandpass and by consid-
ering the temperature profile computed from the combination of
the current pressure profile and the XMM-Newton density pro-
file for the relativistic corrections (see Sect. 6.2).
The tSZ map model of each experiment is then compared
with the data using the following likelihood function:
−2lnL = χ2MUSTANG + χ2NIKA2 + χ2Bolocam + χ2Planck
=
NMUSTANGpixels∑
i=1
[(MdataMUSTANG − MmodelMUSTANG)/(MrmsMUSTANG)]2i
+
NNIKA2pixels∑
j=1
[(MdataNIKA2 − MmodelNIKA2)TC−1NIKA2(MdataNIKA2 − MmodelNIKA2)] j
+
NBolocampixels∑
k=1
[(MdataBolocam − MmodelBolocam)/(MrmsBolocam)]2k
+
NPlanckpixels∑
l=1
[(yPlanck − ymodel)TC−1Planck(yPlanck − ymodel)]l,
(7)
where Mdata and Mmodel are the measured and modelized tSZ
surface brightness maps for MUSTANG, NIKA2, and Bolocam.
The Planck Compton parameter map of PSZ2 G144.83+25.11
and its model is given by yPlanck and ymodel respectively. The map
Mrms gives the RMS noise of each pixel in the MUSTANG and
Bolocam maps assuming white noise. The pixel-to-pixel correla-
tion induced by residual correlated noise in both the NIKA2 and
Planck maps is taken into account by using the inverse covari-
ance matrices C−1NIKA2 and C
−1
Planck in the likelihood estimation.
In the case of a standard analysis of a NIKA2 SZ large program
cluster, the contributions of MUSTANG and Bolocam are simply
removed from the likelihood function and the pressure profile is
deprojected from the NIKA2 and Planck data only.
The universal pressure profile (Arnaud et al. 2010) and the
AMI total integrated Compton parameter (see Sect. 3) are used
to define the initial pressure value of each chain. A Gaussian
random drawing is made around the mean pressure values with
a relative standard deviation of 50%. This enables us to explore
the model parameter space to find potential deviations from the
universal pressure profile without starting the chains with ex-
treme pressure values. We consider uniform priors to impose the
pressure to remain positive for each bin. The MCMC procedure
also marginalizes over the zero level of the MUSTANG, NIKA2,
and Bolocam maps and the NIKA2 calibration coefficient un-
certainty. The convergence of the chains is assessed by using
the convergence test proposed by Gelman & Rubin (1992) for
all fitted parameters. Once the convergence is ensured, the final
posterior marginalized distributions are given by the remaining
chain samples after the burn-in cutoff, which discards the first
50% of each chain. These distributions are then used to compute
the best-fit pressure profile of PSZ2 G144.83+25.11 and the er-
ror bars of each constrained point.
6.1.2. Results
NIKA2+Planck:
We first perform the MCMC analysis by considering only the
NIKA2 150 GHz map and the Planck data to show the typical
constraints that will be obtained on the pressure profile charac-
terization for all the clusters of the NIKA2 SZ large program.
We follow the methodology presented in Sect. 6.1.1 and sim-
ply remove the MUSTANG and Bolocam contributions in the
likelihood function (Eq. 7). The position of the first radial bin
is set at 40 kpc from the cluster center, which corresponds to
an angular distance of 6 arcsec. This enables us to constrain the
pressure within the NIKA2 17.7 arcsec FWHM beam. The an-
gular distance between each bin is set to the NIKA2 FWHM
to efficiently sample the pressure profile while minimizing the
correlation between each bin. Two radial bins are also set at
3 and 5R500 to constrain the pressure profile outer slope. We
take into account the thermal pressure excess identified in the
south-west of PSZ2 G144.83+25.11 by masking this region in
the NIKA2 150 GHz map (see Sect. 5). The Planck map also
contains all the tSZ information but the uncertainty on Y5R500
(see Sect. 3) is much larger than the contribution induced by the
over-pressure region on the integrated Compton parameter (see
Sect. 6.4). Thus, we neglect the over-pressure contribution in the
Planck y-map.
The best-fit non-parametric pressure profile obtained from
this analysis is shown in the left panel of Fig. 7. The tight con-
straints on the ICM pressure distribution from R ∼ 0.03R500
to R ∼ R500 are mostly due to the NIKA2 150 GHz map. The
Planck data enable us to constrain the pressure profile outer
slope. This shows the potential of the NIKA2 SZ large program
to estimate the ICM pressure distribution of high-redshift clus-
ters from their core to their outskirts (R ∼ 3R500). The best-fit
non-parametric pressure profile is fitted by a parametric gener-
alized Navarro-Frenk-White model (gNFW, Nagai et al. 2007),
Pe(r) =
P0(
r
rp
)c (
1 +
(
r
rp
)a) b−ca , (8)
where P0 is a normalization constant, rp is a characteristic
radius, b and c give the slope of the profile at large and small
radii respectively, and a characterizes the transition between
the two slopes. Following Romero et al. (2017), we take into
account the correlation between the pressure bins by computing
the covariance matrix of the pressure bins using the final
Markov chains of the non-parametric fit. The best-fit gNFW
profile (black line in the left panel of Fig. 7) is compared with
the universal pressure profile of Arnaud et al. (2010) (A10)
computed by considering the XMM-Newton estimates of both
R500 and M500 (see Sect. 6.3). While the overall normalization
is consistent between the two gNFW models, we identify signif-
icant differences between their slope parameters. The difference
between the outer slopes of the deprojected profile and the A10
profile is entirely consistent with the large range of outer slopes
found in Planck Collaboration et al. (2013b) and Sayers et al.
(2013). While no conclusion can be drawn for a single cluster
analysis, this highlights that the NIKA2 SZ large program will
be able to identify a potential redshift evolution of the universal
pressure profile parameters and constrain the scatter in the outer
profile slopes at high redshift, for which no current constraints
exist. Furthermore, we estimate the cluster integrated Compton
parameter from the integration of the best-fit gNFW profile and
find that Y500 = (8.12 ± 0.60)×10−4 arcmin2. Such a relative
uncertainty of ∼7% on the estimate of Y500 is the typical
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Figure 9. Left: Comparison of the gNFW pressure profiles fitted on the pressure points constrained from a non-parametric deprojection of the
tSZ data with (blue) and without (green) masking the over-pressure region. The Bolocam data are used along with the MUSTANG, NIKA2, and
Planck data for the estimation of the green profile. In this case, the pressure is significantly higher than the constraints obtained masking the
over-pressure between 500 and 900 kpc because of the excess of thermal pressure within the south-west region of PSZ2 G144.83+25.11. The
pressure profile from Young et al. (2015) as well as the universal pressure profile from Arnaud et al. (2010) (A10) are also shown in magenta
and orange respectively. The red dashed line shows an estimate of R500 computed using the A10 profile, the AMI integrated Compton parameter,
and the scaling relation used in Planck Collaboration et al. (2014). Right: Profiles of the spherically integrated Compton parameter computed
from the pressure profiles obtained with (blue) and without (green) masking the over-pressure region. The radius has been normalized by R500,YX
constrained by XMM-Newton.
constraint that will be obtained for each cluster of the NIKA2
SZ large program.
For this cluster, as both MUSTANG and Bolocam tSZ data
are available, we choose to add this additional information to
increase our constraining power on the characterization of the
ICM pressure profile. We therefore optimize the pressure point
positions for this combination of instruments using the method
described in Sect. 6.1.
MUSTANG+NIKA2+Planck:
We mask the region of the NIKA2 map defined in Sect. 5 when
constraining the thermal pressure distribution of the cluster to
exclude the over-pressure region. As the Bolocam angular reso-
lution is too low to spatially resolve the over-pressure region, we
decided to perform the MCMC analysis by combining only the
MUSTANG, NIKA2, and Planck data.
The best-fit tSZ map models and residuals obtained at the
end of the MCMC analysis are shown in Fig. 8. We observe a 4σ
tSZ residual in the south-west region of PSZ2 G144.83+25.11 in
the NIKA2 map after subtracting the best-fit tSZ surface bright-
ness map model. The corresponding Bolocam tSZ map model
and residual are shown as a cross check although Bolocam data
are not used for this analysis. A negative surface brightness is
also observed in the Bolocam residual at the location of the tSZ
excess in the NIKA2 residual map although it is not signifi-
cant. We compute the integrated Compton parameter within the
mask defined in Sect. 5 in the NIKA2 map residual and find that
Yresidual = (1.2± 0.4)× 10−4 arcmin2. The uncertainty on this es-
timate is computed by performing the integration in the same re-
gion of noise map realizations and by computing the standard de-
viation of the estimated values. The residual integrated Compton
parameter is therefore four times smaller than the uncertainty on
the cluster integrated Compton parameter given by Planck/AMI
(see Sect. 3).
The best-fit non-parametric pressure profile constrained
within this framework is shown in the right panel of Fig. 7.
The pressure distribution is constrained from the cluster center
(R ∼ 0.02R500) to its outskirts (R ∼ 3R500). The tightest
constraints are obtained in the intermediate region of the profile
and are mostly driven by the NIKA2 data. The inner points
are mostly constrained by the MUSTANG data. The tight con-
straints on the pressure distribution given by the non-parametric
analysis of the tSZ data enable us to characterize precisely the
parameters of the best-fit gNFW profile shown in black. The
information brought by the MUSTANG data improves on the
constraints of the inner slope of the profile, which is less steep
than the one obtained by the analysis of the NIKA2 and Planck
data only. The best-fit gNFW profiles obtained by both analyses
are still fully compatible within their 1σ uncertainties.
MUSTANG+NIKA2+Bolocam+Planck:
We then perform the MCMC analysis by considering all the tSZ
experiments without masking the over-pressure region in the
NIKA2 map. The best-fit gNFW profile of the pressure points
contrained by MUSTANG, NIKA2, Bolocam, and Planck is
shown in Fig. 9 left panel along with its 1 and 2σ uncertain-
ties. It is compared with the best-fit gNFW profile obtained from
the MCMC analysis performed by combining the MUSTANG,
NIKA2, and Planck data and by masking the over-pressure re-
gion (blue profile). We also perform the MCMC analysis without
masking the over-pressure region by using only the MUSTANG,
NIKA2, and Planck data and check that the best-fit pressure
profile is not modified by the addition of the Bolocam data in
this analysis. However, the additional information brought by
the Bolocam tSZ map enables us to lower the error bars of the
pressure points in the cluster outskirt by about 30%.
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Figure 10. Left: Electronic density profile constrained from the XMM-Newton data (red dots). The best-fit SVM model (Vikhlinin et al. 2006a)
is shown as a blue line. Right: XMM-Newton deprojected temperature profile estimated from the X-ray spectroscopy data. The characteristic
radius obtained by XMM-Newton, R500 = 1124 ± 12 kpc is measured from the YX −M500 relation of Arnaud et al. (2010) and is represented by a
dashed vertical green line.
6.2. X-ray radial thermodynamic profiles
The ICM thermodynamic radial profiles are estimated with and
wihtout masking the south-west region of the cluster in the
XMM-Newton event files to be able to combine the X-ray den-
sity profile with the pressure profile obtained by masking the
over-pressure region in the tSZ data. Gas density and tempera-
ture profiles were extracted from the XMM-Newton observations
following the procedures described in detail in Pratt et al. (2010)
and Planck Collaboration Int. III (2013) and are shown in Fig.
10. The gas pressure and entropy radial profiles were computed
directly from the deprojected density and temperature profiles
and are shown in Fig. 11. The hydrostatic mass profile, derived
assuming a spherical gas distribution in hydrostatic equilibrium,
was calculated using the Monte Carlo procedure described in
De´mocle`s et al. (2010), and references therein.
The density profile, obtained using the regularized deprojec-
tion and PSF-correction procedure described in Croston et al.
(2006), exhibits structure that is amplified in the radial deriva-
tive. We thus use the simplified Vikhlinin parametric model
(SVM) (Vikhlinin et al. 2006a) to fit the XMM-Newton depro-
jected density profile:
ne(r) = ne0
1 + ( rrc
)2−3β/2 [1 + ( rrs
)γ]−/2γ
, (9)
where ne0 is the cluster central density, rs is the transition radius
at which an additional steepening in the profile occurs, and rc is
the core radius. The β parameter gives the inner profile slope and
 the outer one. The γ parameter gives the width of the transi-
tion in the profile. We fix the value of the γ parameter at three
since it provides a good description of all clusters considered
in the analysis of Vikhlinin (2006b). The best-fit SVM profile
of PSZ2 G144.83+25.11 is shown along with the XMM-Newton
density profile points in the left panel of Fig. 10. The agreement
between the parametric model and the deprojected profile is ex-
cellent. We therefore use the best-fit SVM profile in combination
with the pressure profile constrained by the tSZ analysis to esti-
mate the radial thermodynamic profiles of PSZ2 G144.83+25.11
(see Sect. 6.3).
6.3. Thermodynamics of the cluster
In this section, we undertake a hydrostatic mass analysis to re-
cover the thermodynamic properties of PSZ2 G144.83+25.11
obtained by the combination of the XMM-Newton density pro-
file and the pressure profile constrained by the tSZ analysis de-
scribed in Sect. 6.1.
As the whole ICM cannot be considered in hydrostatic
equilibrium (see Sect. 5), we use the non-parametric pressure
profile constrained by the MCMC analysis that combines the
MUSTANG, NIKA2, and Planck data masking the over-pressure
region along with its best-fit gNFW model to describe the pres-
sure distribution within the main halo. The pressure points ob-
tained from the tSZ data (see the right panel in Fig. 7) are
compared with the XMM-Newton deprojected pressure profile
(red points). The points are compatible in the cluster center and
around R500 but we notice a slight difference between the pres-
sure estimates between 0.3R500 and 0.6R500. Such a discrepancy
could be the result of projection effects induced by a deviation of
the gas distribution from the spherical symmetry along the line
of sight. The two-dimensional analysis of the ICM combining
the NIKA2 and XMM-Newton maps of PSZ2 G144.83+25.11
assuming a triaxial morphology is beyond the scope of this study
and will be developed in a forthcoming paper.
The gNFW profile fitted on the non-parametric tSZ pressure
profile is shown in black with its 1 and 2σ uncertainties in blue
in the top left panel of Fig. 11. We compare this estimate of the
pressure profile with the one obtained by Young et al. (2015)
(Y15 in the following) using a combination of MUSTANG and
Bolocam data (see green profile in the top left panel of Fig.
11). As the thermal pressure excess in the south-west region
of PSZ2 G144.83+25.11 could not be identified either with the
Bolocam or the MUSTANG data, the pressure distribution given
by the Y15 profile is over-estimated in the inner and interme-
diate regions of the cluster. It is therefore compatible with the
estimate that we obtain from the MCMC analysis without mask-
ing the over-pressure region from 0 to about 700 kpc (see green
profile in Fig. 9), but it is significantly different from the pres-
sure profile constrained by masking the south-west region of the
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Figure 11. Constraints on the deprojected radial profiles of the pressure (top left), temperature (top right), entropy (bottom left), and hydrostatic
mass (bottom right) obtained from the MCMC analysis masking the over-pressure region. The tSZ pressure profile corresponds to the best-fit
gNFW model of the non-parametric pressure profile constrained from the analysis masking the over-pressure region. The pressure profile from
Young et al. (2015) is also shown in green. The XMM-Newton measurements are indicated with red triangles. The dark and light blue regions show
the 68% and 95% confidence region on the ICM thermodynamic radial profiles estimated with this multi-probe analysis. The best fit is indicated
by the black line.
XMM tSZ+XMM
(spectro.) (no spectro.)
R500 [kpc] 1124 ± 11 1107 ± 30
M500 [×1014 M] 7.64 ± 0.24 6.95 ± 0.56
Table 3. Comparison between PSZ2 G144.83+25.11 R500 radius and total mass (M500) obtained from the XMM-Newton analysis based on X-ray
spectroscopy data and the constraints from the tSZ/X-ray multi-probe analysis masking the over-pressure region.
cluster. Furthermore, as the Planck data are not used by Young
et al. (2015) to constrain the outer slope of the profile, the latter
is much shallower than our estimate. This effect has already been
identified by Sayers et al. (2016) who showed that the pressure
profiles obtained by the analysis of the Bolocam data in Sayers
et al. (2013) are significantly shallower than the one constrained
by adding the Planck information to the analysis although the
considered cluster samples are nearly identical. The comparison
between the Y15 pressure profile and our estimate shown in the
top left panel of Fig. 11 emphasizes the importance of high an-
gular resolution tSZ observations carried out with a large FOV
instrument to understand the impact of ICM perturbations on the
estimate of the pressure profile of galaxy clusters.
The best-fit gNFW pressure profile shown in Fig. 11 is com-
bined with the best-fit SVM density profile shown in the left
panel of Fig. 10 to estimate the cluster thermodynamic proper-
ties without relying on X-ray spectroscopy. Considering the ICM
as an ideal gas, we compute both the temperature and the entropy
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radial profiles of PSZ2 G144.83+25.11 as
kBTe(r) =
Pe(r)
ne(r)
and K(r) =
Pe(r)
ne(r)5/3
, (10)
where kB is the Boltzmann constant. Assuming the hydrostatic
equilibrium, we also compute the total mass enclosed within the
radius r given by
MHSE(r) = − r
2
µgasmpne(r)G
dPe(r)
dr
, (11)
where µgas = 0.61 is the mean molecular weight of the gas, G
the Newton constant, and mp the proton mass.
The computed temperature profile is shown in black in the
top right panel of Fig. 11. It is compatible with the deprojected
profile given by XMM-Newton using X-ray spectroscopy data
(red points). Both estimates describe a rather constant ICM tem-
perature of about 11 keV from the cluster center to a radial dis-
tance of 400 kpc. The error bars of both profiles are too large
in the cluster core to constrain the temperature evolution below
40 kpc although a significant decrease of the temperature toward
the center seems to be excluded by our estimate. This seems
to indicate that PSZ2 G144.83+25.11 has a disturbed core. The
mass-weighted temperature provided by the combination of the
pressure profile constrained with the tSZ data set and the den-
sity profile of XMM-Newton is slightly higher than the X-ray
spectroscopic temperature between 200 and 600 kpc although
both estimates are consistent within the 1σ uncertainties. This
could be a hint for the presence of gas clumps or a deviation
from spherical symmetry of the ICM along the line of sight.
The temperature decreases for radii larger than 400 kpc with a
consistent trend between the X-ray spectroscopic and the mass-
weighted profile. The relative uncertainties on our estimate of
the temperature profile are comparable with the ones that affect
the XMM-Newton estimate. Constraining the ICM temperature
profile without relying on X-ray spectroscopy is of key impor-
tance to study the ICM thermodynamics of high-redshift galaxy
clusters. This result shows the potential of joint tSZ/X-ray anal-
yses to estimate the ICM temperature of distant clusters with a
reasonable amount of telescope time.
The entropy profile computed from the combination of the
pressure profile constrained by the tSZ analysis and the XMM-
Newton density profile is shown in black in the bottom left
panel of Fig. 11. Both our estimate and the XMM-Newton one
are consistent within error bars. The radial evolution of the en-
tropy is well-described by a power law for radii larger than
100 kpc. However, we observe a flattening of the entropy pro-
file in the cluster core with a constant central entropy value of
(200 ± 30) keV.cm2 for radii lower than 100 kpc. This char-
acteristic of the entropy profile is known to be a clear in-
dicator of a morphologically disturbed cluster core (see, e.g.
Pratt et al. 2010). This strengthens the previous conclusion that
PSZ2 G144.83+25.11 has a disturbed core.
The hydrostatic mass profile computed by using Equation
11 is shown in black in the bottom right panel of Fig. 11. As
the pressure profile constrained by the tSZ analysis is steeper
than the one estimated by XMM-Newton in the core region,
our estimate of the mass profile shows a higher mass enclosed
within the central part of PSZ2 G144.83+25.11. Both estimates
are, however, compatible within their 1σ error bars. We use the
hydrostatic mass profile of PSZ2 G144.83+25.11 to compute its
density contrast profile 〈 ρ(r) 〉/ρc, where ρc is the critical den-
sity of the universe at the cluster redshift, and we estimate the
value of R500. The constraints on R500 and M500 computed from
the tSZ MCMC analysis masking the over-pressure region of
PSZ2 G144.83+25.11 are compatible with the ones obtained us-
ing the XMM-Newton data and excluding the same region of the
cluster (see Table 3).
We emphasize the fact that the constraints obtained from the
joint tSZ/X-ray analysis on the radial thermodynamic profiles
of PSZ2 G144.83+25.11 are almost as stringent as the ones com-
puted from the X-ray only analysis that uses X-ray spectroscopic
data.
6.4. Impact of the over-pressure region on the pressure
profile characterization
As shown in the left panel of Fig. 9, the pressure profiles ob-
tained with and without masking the over-pressure region are
significantly different. The thermal pressure constrained without
masking the over-pressure region is higher than the one obtained
using the mask defined in Sect. 5 from the cluster core to about
2R500. While the profile uncertainties overlap in the cluster core,
the significance of the difference between the pressure profile es-
timates is higher than 3σ between 500 and 900 kpc because of
the excess of thermal pressure within the south-west region of
PSZ2 G144.83+25.11.
This difference is also identified in the radial profiles of
the integrated Compton parameter computed from the spheri-
cal integration of the pressure profiles obtained with and without
masking the over-pressure region (see Fig. 9 right panel). The
radius is normalized by the estimate of R500,YX constrained from
the XMM-Newton data to give a common reference to both pro-
files. While the value of the integrated Compton parameter Y
is consistent between the two profiles at 5R500,YX in order to be
compatible with the measurement made by Planck, we observe a
significant difference of 60% between the values of Y at R500,YX .
We use Equation 11 and the XMM-Newton deprojected den-
sity profiles estimated with and without masking the disturbed
region (see Sect. 6.2) to compute the characteristic radius R500
for both the MCMC analysis. The transition between the inner
and the outer slope of the green pressure profile (without mask)
in Fig. 9 is more distant from the cluster center than that of the
blue profile (with mask). Using the whole NIKA2 map to con-
strain the cluster pressure profile leads therefore to a concen-
tration parameter lower than the one that we obtain if the over-
pressure region is masked. This explains why the R500 radius as-
sociated to the green profile is larger than the one computed from
the blue one (see Table 4). Such a difference in the estimation
of R500 further increases the discrepancy between both the inte-
grated Compton parameter and the hydrostatic mass estimated
from the two different analyses. The estimates of Y500 and M500
obtained from the analysis without masking the over-pressure
region deviate from the values that are obtained by masking
the south-west region of PSZ2 G144.83+25.11 by 65 and 79%
respectively. This emphasizes that the high angular resolution
of NIKA2 enables the characterization of the systematic uncer-
tainty induced by disturbed ICM regions on the estimation of
Y500 and M500.
While the impact of the thermal pressure excess in the south-
west region of PSZ2 G144.83+25.11 is negligible with respect to
the total integrated Compton parameter (see Sect. 6.1.2), its ef-
fect on both the cluster pressure profile characterization and the
Y500 estimate happens to be very significant. The consequence
of such a result for the NIKA2 tSZ large program and its reper-
cussions for future cosmology studies are discussed in Sect. 7.
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With mask Without mask
R500 [kpc] 1107 ± 30 1342 ± 61
Y500 [×10−4 arcmin2] 8.06 ± 0.46 13.31 ± 0.85
M500 [×1014 M] 6.95 ± 0.56 12.42 ± 1.43
Table 4. Estimations of PSZ2 G144.83+25.11 R500 radius, integrated Compton parameter (Y500), and total mass (M500) from the multi-instrument
MCMC analysis with and without masking the over-pressure region. The estimates of M500 are computed assuming hydrostatic equilibrium and
using the combination of the XMM-Newton density profile and the tSZ pressure profiles shown in the right panel of in Fig. 7.
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Figure 12. Planck Y500 − M500 scaling relation (black line) (Planck
Collaboration et al. 2014) together with the 71 points (red squares) used
for its calibration from the study of low-redshift clusters (z < 0.45). The
two estimates of Y500 based on the joint tSZ analysis with and without
masking the over-pressure region in PSZ2 G144.83+25.11 are shown
with the blue and the green points respectively. All the masses are esti-
mated using the YX mass proxy.
7. Discussion
In this section, we review the main results of this paper in light
of future cosmology analyses based on tSZ cluster statistics.
As large tSZ-cluster catalogs are currently established only by
low angular resolution instruments (FWHM > 1 arcmin), both
a universal pressure profile and a tSZ-mass scaling relation are
needed to constrain the cluster mass function and to estimate
cosmological parameters from these observations.
The tSZ flux is not to be taken as an accurate indicator of the
mass of a galaxy cluster if thermal pressure excesses, caused by
infalling substructures or shocks, are identified within the ICM.
Indeed, this observable is directly related to the total energy con-
tent of a galaxy cluster only if the ICM is in hydrostatic equi-
librium within the cluster gravitational potential. Therefore, the
calibration of the YHSE500 − MHSE500 scaling relation has to be done
by high angular resolution tSZ instruments, such as NIKA2, in
order to precisely characterize deviations from hydrostatic equi-
librium within the ICM.
The results presented in Sect. 6.4 show that over-pressure re-
gions within the ICM of a given cluster are expected to induce a
substantial variation of the estimate of YHSE500 related to the value
of the hydrostatic mass MHSE500 with respect to the constraints ob-
tained by masking the disturbed ICM region. We show in Fig. 12
the 71 points Planck Collaboration et al. (2014) used to calibrate
the YHSE500 −MHSE500 scaling relation at low redshift (black line). The
cluster total masses are given by the YX mass proxy (see, e.g.
Arnaud et al. 2007) for all the displayed points. The two points
that we obtain from the tSZ analysis with (blue) and without
(green) masking the thermal pressure excess in the south-west
region of PSZ2 G144.83+25.11 are also shown and compared to
the best-fit scaling relation.
While no conclusion can be drawn from a single cluster, we
note that our estimates of YHSE500 are consistent with the scaling re-
lation of Planck Collaboration et al. (2014) for the correspond-
ing hydrostatic masses given by the YX mass proxy. However,
the (blue) point obtained by masking the over-pressure region
has a much lower value of YHSE500 than the one obtained by con-
sidering the green pressure profile in Fig. 9, which gives a better
description of the overall ICM pressure distribution. While the
NIKA2 performance in terms of angular resolution, FOV, and
sensitivity enables us to reach relative uncertainties associated
to both estimates of YHSE500 of the order of 7%, the difference be-
tween the two values of YHSE500 estimated in this study is of the
order of magnitude of the current scatter of the scaling relation.
This result shows that the NIKA2 tSZ large program will be able
to take into account the impact of the systematic uncertainties in-
duced by disturbed ICM morphologies on the calibration of the
YHSE500 −MHSE500 scaling relation and on the characterization of its
intrinsic scatter.
One of the goals of the NIKA2 tSZ large program is also
to calibrate the scaling relation linking the value of Ymeas.500 , es-
timated by low angular resolution instruments using a univer-
sal pressure profile template, and the value of YHSE500 measured
at high angular resolution under the hydrostatic equilibrium as-
sumption by excluding potential disturbed ICM regions. This ad-
ditional scaling relation will enable the characterization of both
the bias and scatter induced by disturbed ICM morphologies on
the measurement of Y500 for the whole cluster population in cos-
mological analyses based on tSZ cluster statistics.
As shown in the left panel of Fig. 7, the NIKA2 SZ large
program will also allow us to precisely constrain the universal
pressure profile of galaxy clusters at high redshift and to com-
pare it with the one obtained from the X-ray observations of a
representative sample of galaxy clusters at low redshift (see, e.g.
Arnaud et al. 2010). This will enable us to characterize potential
variations of the universal pressure profile parameters due to red-
shift evolution, projection effects that affect differently the tSZ
and X-ray data, and possible instrumental calibration biases and
systematic effects. The high angular resolution and large FOV of
NIKA2 will therefore enable us to study the impact of hitherto
unidentified substructures within the ICM of galaxy clusters on
the characterization of both the scaling relation and the universal
pressure profile for a representative cluster sample at intermedi-
ate and high redshift.
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8. Conclusions and perspectives
The first NIKA2 tSZ-mapping of a galaxy cluster has been made
on PSZ2 G144.83+25.11 simultaneously at 150 and 260 GHz for
a total of 11.3 hours. Despite the rather poor weather conditions,
significant tSZ signal is recovered at 150 GHz from the cluster
center up to an angular distance of 1.4 arcmin on the map at an
angular resolution of 17.7 arcsec. This is comparable to the ICM
extension constrained in X-ray by XMM-Newton for a similar
angular resolution. The NIKA2 260 GHz map has lead to the
identification of a high-redshift submillimeter point source. The
SED of this source is constrained by using jointly the Herschel
and NIKA2 260 GHz data.
The potential of NIKA2 to study the impact of the ICM dy-
namics at high redshift on the characterization of the tSZ-mass
scaling relation and the cluster pressure profile is highlighted
by the discovery of a thermal pressure excess in the south-west
region of PSZ2 G144.83+25.11. We characterize the radial ex-
tension of the over-pressure region by comparing the tSZ sur-
face brightness profiles computed within circular sectors of the
NIKA2 150 GHz map.
We performed a standard analysis based only on NIKA2
and Planck data and masking the over-pressure region in the
NIKA2 150 GHz map. We emphasize that the NIKA2 map-
ping of the tSZ signal at 150 GHz enables the setting of sig-
nificant constraints on the radial pressure profile up to R > R500.
Furthermore, the NIKA2 data enable us to constrain the value of
Y500 with a relative uncertainty of 7%. These estimates on both
the radial pressure profile and the cluster integrated Compton pa-
rameter show the typical constraints that will be achieved for all
the clusters of the NIKA2 SZ large program.
We study the impact of the over-pressure region on the
ICM characterization by performing a non-parametric pressure
profile deprojection using jointly the tSZ data obtained by
MUSTANG, NIKA2, Bolocam, and Planck with and without
masking the thermal pressure excess. This enables us to con-
strain the cluster pressure profile from its core up to 3R500. We
show that excluding the cluster over-pressure region leads to a
significant drop in the thermal pressure recovered between radial
distances of 500 and 900 kpc from the cluster center. This leads
to a variation of 65% of the integrated Compton parameter Y500
computed from the integration of the pressure profiles obtained
by the two analyses. Both the pressure profile constrained from
the tSZ data sets and the density profile deprojected from the
XMM-Newton observations of PSZ2 G144.83+25.11 are jointly
used to further constrain the ICM thermodynamic properties.
We show that the exclusion of the cluster over-pressure region
decreases the hydrostatic mass estimate significantly compared
to the constraint that would be obtained by a > 1 arcmin tSZ
instrument, which could not resolve the thermal pressure excess.
This shows the potential of NIKA2 to constrain the impact of the
ICM dynamics of high-redshift clusters on the characterization
of the intrinsic scatter of the Y500 −M500 scaling relation.
The NIKA2 camera is now installed at the focal plane of
the IRAM 30-m telescope and commissioned. Open-time obser-
vation projects as well as guaranteed time programs such as the
NIKA2 SZ large program have already begun. The latter focuses
on the ICM characterization of a representative sample of 50
tSZ-discovered clusters with redshift spanning from 0.5 to 0.9.
The work presented in this paper shows the typical products that
will be delivered by this large program. The NIKA2 high angu-
lar resolution tSZ mapping will enable the identification of yet-
unresolved thermal pressure substructures and the study of the
impact of disturbed ICM regions on the pressure profile charac-
terization. The NIKA2 data will be combined with Planck and
ACT observations to constrain the pressure profile of each clus-
ter from the core to the outskirts. XMM-Newton data will be
used along with that from NIKA2 to constrain all the ICM ther-
modynamic properties and characterize the origin of a possible
redshift evolution of the tSZ-mass scaling relation and pressure
profile parameters.
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